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SYSTEMS AND METHODS TO TEST A
MEMORY DEVICE

CROSS-REFERENCE TO RELATTON
APPLICATION D

The present application claims priority to U.S. Provisional
Patent Application No. 62/564,631, filed on Sep. 28, 2017,

which 1s incorporated by reference herein in its entirety.
10

BACKGROUND

Due to ever increasingly need for high-performance and
low-cost non-volatile memory devices, new types ol non-
volatile memory devices have emerged such as, magnetic
random-access memory (MRAM) devices, resistive ran-
dom-access memory (RRAM) devices, phase change
memory (PCM) devices, and write-once memory (WOM)
devices. Among those emerging non-volatile memory ,,
devices, the WOM devices (e.g., eFuse devices, anti-Fuse
devices, one-time programmable devices, etc.) have gained
particular interests since the WOM devices ofler various
advantages, for example, low manufacturing cost, etc. In
addition, as the WOM device typically allows data to be 25
written only once (i.e., the WOM device 1s non-reversible
once written), the WOM device can be used for security
purposes, €.g., to permanently store key chip information
such as chip/manufacture 1D, access codes and error maps.

In conventional memory devices, for example, static 30
random-access memory (SRAM) devices or dynamic ran-
dom-access memory (DRAM) devices, memory cells of the
memory device are typically tested through writing a data
pattern (1.e., a pattern of data bits) to the memory cells and
then reading a respective written data bit from each of the 35
memory cells. Because of such a non-reversible character-
1stic, the WOM device cannot be tested like conventional
memory devices. Typically, the WOM device includes a
plurality of dummy memory cells for test purposes. In
particular, each memory cell of the WOM device uses one 40
or more dummy memory cells as respective spares, each of
which 1s configured to store a same data bit. As such, even
though an original memory cell 1s malfunctioning under a
test mode, the original memory cell’s spare(s) can be used
(e.g., to replace the original one) as so to allow a reliable 45
operation of the WOM device, as a whole.

To assure that each memory cell of the WOM device
receives a fair test (1.e., a correct test) under the above-
mentioned test mode, typically, peripheral circuits (e.g., a
column decoder, a row decoder, etc.) of the WOM devices 50
are also tested. In conventional WOM devices, at least a
whole row of the memory cells are written to test the column
decoder, and at least a whole column of the memory cells are
written to test the row decoder. Since the memory cells of the
WOM device are allowed to be written only once, after 55
being written, the memory cells become “unusable,” also
known as “burned.” Burning the whole row and column of
memory cells wastes “usable” memory cells 1n the conven-
tional WOM device. Thus, conventional ways of testing the
WOM devices are not entirely satisfactory. 60

15

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the 65
accompanying figures. It 1s noted that various features are
not necessarily drawn to scale. In fact, the dimensions and

2

geometries of the various features may be arbitrarily
increased or reduced for clarity of discussion.

FIG. 1 illustrates a block diagram of a novel write-once
memory (WOM) device, in accordance with some embodi-
ments.

FIGS. 2A, 2B, and 2C 1llustrate respective block diagrams
of part of the WOM device of FIG. 1 when an included
WOM array 1s implemented by respective different configu-
rations, 1n accordance with some embodiments.

FIG. 3 illustrates an alternative block diagram of part of
the WOM device 100 of FIG. 1 when at least two sets of
diagonal bit cells of an included WOM array 102 are burned
for testing respective peripheral circuits, 1n accordance with
some embodiments.

FIGS. 4A and 4B respectively illustrate a schematic
diagram and an exemplary circuit diagram of a data selec-
tion circuit of the WOM device of FIG. 1, 1n accordance with
some embodiments.

FIG. 4C illustrates a schematic diagram of a switch of the
data selection circuit of the WOM device of FIG. 1, 1n
accordance with some embodiments.

FIGS. 5A, 5B, and 3C illustrate respective schematic
diagrams of part of the WOM device of FIG. 1 to explain
how the data selection circuit of FIG. 4 operates when
respective mncluded WOM arrays are configured differently,
in accordance with some embodiments.

FIG. 6 1llustrates a flow chart of an exemplary method to
test peripheral circuits of the WOM device of FIG. 1, mn
accordance with some embodiments.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

The following disclosure describes various exemplary
embodiments for implementing different features of the
subject matter. Specific examples of components and
arrangements are described below to simplily the present
disclosure. These are, of course, merely examples and are
not intended to be limiting. For example, the formation of a
first feature over or on a second feature in the description
that follows may include embodiments in which the first and
second features are formed 1n direct contact, and may also
include embodiments in which additional features may be
formed between the first and second features, such that the
first and second features may not be in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters 1n the various examples. This repetition 1s
for the purpose of simplicity and clarity and does not in 1tself
dictate a relationship between the various embodiments
and/or configurations discussed.

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated 1n the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation 1n addition to the orientation depicted 1n the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

The present disclosure provides various embodiments of
a novel write-once memory (WOM) device including a
control logic circuit that 1s configured to test peripheral
circuits (e.g., row and column decoders) of the WOM device
using a mimmimum number of bit cells of the WOM device.
As mentioned above, conventional WOM device burns at
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least a whole column and a whole row of bit cells of the
WOM device to test its respective peripheral circuits. In
contrast, the control logic circuit of the novel WOM device
burns respective diagonal bit cells to test its row and column
decoders, according to some embodiments of the present
disclosure. In other words, only the bit cells disposed along
diagonal direction(s) of a respective bit cell array of the
novel WOM device are burned to test the row and column
decoders. As such, the number of the bit cells in the novel
WOM device that will be burned (i.e., the bit cells that will
become unusable) may be substantially reduced. For
example, 1n a conventional WOM device having a 10x10 bit
cell array, at least 20 bit cells are burned to test respective
row and column decoders of the WOM device. However, 1n

the novel WOM device, which also includes a 10x10 b1t cell

array, only 10 bit cells disposed along a diagonal of the bit
cell array are burned to test respective row and column
decoders.

FIG. 1 illustrates a block diagram of a novel WOM device
100, 1n accordance with various embodiments. The WOM
device 100 includes a WOM array 102, a row circuit 104, a
column circuit 106, an output circuit 108, a data selection
circuit 110, and a control logic circuit 112. In some embodi-
ments, the control logic circuit 112 includes a built-in
seli-test (BIST) circuit, and 1s coupled to the row circuit 104,
the column circuit 106, and the data selection circuit 110 to
provide respective address and/or control information,
which will be discussed 1n further detail below.

The WOM array 102 includes a plurality of WOM bat
cells (e.g., eFuse bit cells, anti-Fuse bit cells, one-time
programmable bit cells, etc.) arranged as an array. In other
words, the WOM array 102 includes the plurality of WOM
bit cells (heremnafter “bit cells™) arranged in a column-row
configuration, wherein each bit cell 1s associated with a
respective combination of a “row address” and a “column
address,” and can be localized using the respective combi-
nation of the row and column addresses. It 1s noted that
respective numbers of column and rows of the WOM array
102 may be equal to or different from each other, which will
be i1llustrated and discussed below with respect to FIGS. 2A,
2B, and 2C.

The row circuit 104 1s coupled to the WOM array 102.
More specifically, the row circuit 104 1s coupled to the
plurality of bit cells of the array 102 through respective
WL’s, each of which 1s associated with a respective row
address (1.e., each WL 1s disposed along a respective row
with a respective row address). In some embodiments, the
row circuit 104 may include at least one row decoder 104'.
The row decoder 104' 1s configured to receive row address
information 103 from the control logic circuit 112 indicating
a row address, and based on the row address, the row
decoder 104" asserts a corresponding WL (1.€., a correspond-
Ing row) so as to activate respective bit cells arranged along
that asserted row/WL.

Further, 1n some embodiments, the row circuit 104 may
include plural sub row circuits (e.g., a combination of plural
logic gates) with a total number equal to a number of rows
of the WOM array 102. For purposes of clarity of 1llustra-
tion, the sub row circuits are not shown 1n FIG. 1. Each sub
row circuit 1s coupled to a respective row, and configured to
assert a corresponding WL along the respective row. In
accordance with some embodiments, each of the sub row
circuits of the row circuit 104 1s tested to assure that the row
circuit 104 functions properly using a correct and properly
functional sub row circuit to assert a correct row as
instructed by the row address information 103. As such, a
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4

subsequent test to test whether each of the bit cells of the
WOM array 102 functions properly can be trusted.

Similarly, the column circuit 106 1s coupled to the WOM
array 102. More specifically, the column circuit 106 1is
coupled to the plurality of bit cells of the WOM array 102
through respective BL’s, each of which 1s associated with a
respective column address (1.e., each BL 1s disposed along a
respective column with a respective column address). In
some embodiments, the column circuit 106 includes at least
one column decoder 106'. The column decoder 106' is
configured to receive column address information 105 from
the control logic circuit 112 indicating a column address, and
based on the column address, the column decoder 106
asserts a corresponding BL (1.e., a corresponding column) so
as to activate respective bit cells arranged along that asserted
column/BL.

In some embodiments, the control logic circuit 112 may
first cause the row circuit 104 to assert a row by indicating
a row address in the row address information 103 so as to
activate all bit cells along that asserted row, and then cause
the column circuit 106 to pick one of the bit cells along the
asserted row by indicating a column address 1n the column
information 105. As such, a combination of a row address
and a column address can be used to pick a corresponding
bit cell in the WOM array 102. In some alternative embodi-
ments, the control logic circuit 112 may first cause the
column circuit 106 to assert a column by indicating a column
address 1n the column address information 105 so as to
activate all bit cells along that asserted column, and then
cause the row circuit 104 to pick one of the bit cells along
the asserted column by indicating a row address in the row
address information 103 while remaining within the scope of
the present disclosure.

Further, in some embodiments, the column circuit 106
may include plural sub column circuits (e.g., a combination
of plural logic gates) with a total number equal to a number
of columns of the WOM array 102. For purposes of clarity
of 1llustration, the sub column circuits are not shown i1n FIG.
1. Each sub column circuit 1s coupled to a respective
column, and configured to assert a corresponding BL along
the respective column. In accordance with some embodi-
ments, each of the sub column circuits of the column circuit
106 1s tested to assure that the column circuit 106 functions
properly using a correct and properly functional sub column
circuit to pick a correct column as instructed by the column
address information 105. As such, the subsequent test to test
whether each of the bit cells of the WOM array 102
functions properly can be trusted.

In some embodiments, each of the sub row circuits of the
row circuit 104 and a corresponding one of the sub column
circuits of the column circuit 106 may be, concurrently or
respectively, tested by burning a diagonal bit cell of the
WOM array 102 whose location (i1.e., row and column
addresses) 1s determined, by the control logic circuit 112,
based on a corresponding row address of the sub row circuit
of the row circuit 104 and a configuration of the WOM array
102, which will be discussed with respect to FIGS. 2A-2C.
Further, details of determining the location of such a diago-
nal bit cell of the WOM array 102 will be discussed in
further detail below.

The output circuit 108, coupled to the WOM array 102, 1s
coniigured to read out logic states of each of the bit cells of
the WOM array 102. In some embodiments, the output
circuit 108 may include a plurality of column multiplexers
(not shown), sensing amplifiers (not shown), etc. The col-
umn multiplexer of the output circuit 108 1s configured to
select a smaller number of columns to be read from a larger
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number of columns, and the sensing amplifier of the output
circuit 108 1s configured to determine respective logic states
of the bit cells of the WOM array 101 by sensing either
voltage or current levels present on corresponding BL’s,
which are understood by persons of ordinary skill 1n the art.
Thus, details of the column multiplexers and sensing ampli-
fiers of the output circuit 108 are not repeated here.

The data selection circuit 110, coupled to the output
circuit 108 and the control logic circuit 112, 1s configured to
determine which of the bit cells of the WOM array 102 can
be skipped to provide its respective logic state. As men-
tioned above, a diagonal bit cell 1s burned to test corre-
sponding sub row circuit of the row circuit 104 and sub
column circuit of the column circuit 106 such that the
diagonal bit cell becomes unusable. In some embodiments,
based on a signal 109 provided by the control logic circuit
112, the data selection circuit 110 1s configured to skip
outputting respective logic states of the unusable bit cells,
and outputs logic states of “usable” bit cells (1.e., bit cells are
not burned) as an output signal 111. In some embodiments,
the signal 109 may be determined based on which of the
rows 1n the WOM array 102 are currently accessed (e.g.
read) by the output circuit 108, and/or the configuration of
the WOM array 102. Operations of the data selection circuit
110 will be discussed 1n turther detail below with respect to
FIGS. 4A, 4B, 5A, 5B, and 5C.

FIGS. 2A, 2B, and 2C illustrate respective block diagrams

of part of the WOM device 100 when the WOM array 102
1s 1mplemented by respective different configurations, 1n
accordance with some embodiments. As mentioned above,
the WOM array 102 includes plural bit cells arranged 1n the
column-row configuration, wherein the respective numbers
of rows and columns may be configured as equal to or
different from each other.
In some embodiments, FIG. 2A 1llustrates an exemplary
configuration of the WOM array 102 having the number of
rows (heremafter “y,”) and the number of columns (herein-
after “k,”) equal, 1.e., j,=k;, (heremaiter “WOM array
102-17); FIG. 2B illustrates another exemplary configura-
tion of the WOM array 102 having more rows (in a number
of “9,”) than columns (in a number of “k,”), 1.e., 1,<Kk,,
(herelnafter “WOM array 102-2”); and FIG. 2C 1llustrates
another exemplary configuration of the WOM array 102
having more columns (1n a number of “k;”) than rows (in a
number of “1,7), 1.€., 13<k5, (heremafter “WOM array 102-
37).

According to some embodiments, since the control logic
circuit 112 uses the respective configuration of the WOM
array 102-1, 102-2, and 102-3 to determine which of the bat
cells 1n the respective WOM array 1s or are to be burned for
testing the row circuit 102 and column circuit 106, the WOM
arrays 102-1, 102-2 and 102-3 of FIGS. 2A, 2B, and 2C are
respectively used to 1llustrate how the control logic circuit
112 makes such a determination in accordance with the
respective different configuration of the WOM arrays 102-1,
102-2, and 102-3 1n the following discussion.

Referring first to the WOM array 102-1 FIG. 2A where the
numbers of the respective rows and columns are equal
(1,=k, ), the control logic circuit 112 burns a set of diagonal
bit cells 200 of the WOM array 102-1 to test the row circuit
104 and the column circuit 106, 1n accordance with some
embodiments. In some embodiments, when j,=k,, the con-
trol logic circuit 112 first determines that the set of diagonal
bit cells 200 are the bit cells along a main diagonal 1n the
WOM array 102-1 that span from a first row (“row 17) to a
last row (“row 1,”’) and from a first column (“column 17) to
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6

a last column (“column k,”). As such, each of the set of
diagonal bit cells 200 has respective row and column
addresses equal.

For example, the set of diagonal bit cells 200 include:
diagonal bit cells 200-1, 200-2, 200-3, 200-4, and 200-5. It
1s understood that one or more diagonal bit cells may be
included in the set of diagonal bit cells 200 while remaining
within the scope of the present disclosure. Among the set of
diagonal bit cells 200, the diagonal bit cell 200-1 1s disposed
at an intersection of row 1 and column 1 of the WOM array
102-1 thereby having a respective address combination of
row and column addresses (hereinafter “address combina-
tion”) as (1, 1); the diagonal bit cell 200-2 1s disposed at an
intersection of a second row (“row 2) and a second column
(“column 2”) of the WOM array 102-1 thereby having a
respective address combination as (2, 2); the diagonal bit
cell 200-3 is disposed at an intersection of a j,-2” row (“row
i,-2) and a k,-2” column (“column k,-2”) of the WOM
array 102-1 thereby having a respective address combination
as (1,-2, k,-2); the diagonal bit cell 200-4 1s disposed at an
intersection of a j,-1” row (“row j,-1”) and a k,-1?” column
(“‘column k,-17’) of the WOM array 102-1 thereby having a
respective address combination as (j,-1, k,-1); and the
diagonal bit cell 200-5 1s disposed at an intersection of row
1, and column k, of the WOM array 102-1 thereby having a
respective address combination as (j,, k).

In some embodiments, after the control logic circuit 112
determines the respective location (1.e., the respective
address combination) of each of the set of diagonal bit cells
200 1n the WOM array 102-1, the control logic circuit 112
tests the above-mentioned sub row circuits (e.g., 104-1,
104-2, 104-3, 104-4, 104-5, etc.) of the row circuit 104 and
sub column circuit (e.g., 106-1, 106-2, 106-3, 106-4, 106-5,
¢tc.) of the column circuit 106, concurrently or respectively,
by burming the set of diagonal bit cells 200.

For example, in some embodiments, the control logic
circuit 112 provides the address combination of the diagonal
bit cell 200-1,1.¢., (1, 1), 1n row address information 103 and
column address information 103 to the row decoder 104' and
the column decoder 106, respectively, so as to cause the sub
row circuit 104-1 (the sub row circuit coupled to the first row
of the WOM array 102-1) and column circuit 106-1 (the sub
column circuit coupled to the first column of the WOM array
102-1) to be selected.

In some embodiments, the control logic circuit 112 may
first provide the row address and then the column address of
the diagonal bit cell 200-1 to the row decoder 104" and
column decoder 106, respectively, to indicate the diagonal
bit cell 200-1 1s disposed at the intersection of row 1 and
column 1. In some other embodiments, the control logic
circuit 112 may first provide the column address and then the
row address of the diagonal bit cell 200-1 to the column
decoder 106' and row decoder 104!, respectively, or the row
address to the row decoder 104" and then the column address
to the column decoder 106'. Still in some other embodi-
ments, the control logic circuit 112 may concurrently pro-
vide the column address and the row address of the diagonal
bit cell 200-1 to the column decoder 106" and row decoder
104"

Upon receiving the address combination (1, 1) of the
diagonal bit cell 200-1, the row decoder 104' uses the sub
row circuit 104-1 to assert the respective WL along row 1 of
the WOM array 102-1 (e.g., WL, in FIG. 2A) thereby
activating the bit cells along row 1. Concurrently or subse-
quently, the column decoder 106' uses the sub column circuit
106-1 to select the diagonal bit cell 200-1 from the bit cells
along row 1 and further write a logic state (e.g., a logic 1)
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to the diagonal bit cell 200-1 through the respective BL
along column 1 of the WOM array 102-1 (e.g., BL, 1n FIG.
2A). After writing such a logic 1 to the diagonal bit cell
200-1, in some embodiments, the control logic circuit 112
may use the output circuit 108 (FI1G. 1) to read out the logic
state of the diagonal bit cell 200-1 to determine whether the
logic 1 1s successiully written to the diagonal bit cell 200-1.
As such, the control logic circuit 112 can determine that the
sub row circuit 104-1 and the sub column circuit 106-1
function properly, respectively, when the diagonal bit cell
200-1 1s successiully wrtten with the logic 1 (burned).
Accordingly, the control logic circuit 112 may confidently
determine that the sub row circuit 104-1 and the sub column
circuit 160-1 can each provide a fair test for each of the
remaining bit cells along row 1 and column 1, respectively.

In some embodiments, following the above operation
used to burn the diagonal bit cell 200-1 for testing the sub
row circuit 104-1 and sub column circuit 106-1, other sub
row circuits (104-2, 104-3, 104-5, 104-6, etc.) of the row
circuit 104 and sub column circuits (106-2, 106-3, 106-4,
106-5, etc.) of the column circuit 106 can be similarly tested
by burning a corresponding bit cell (200-1, 200-3, 200-4,
200-5, etc.). Thus, discussions of the tests on other sub row
circuits (104-2, 104-3, 104-5, 104-6, etc.) of the row circuit
104 and sub column circuits (106-2, 106-3, 106-4, 106-5,
etc.) of the column circuit 106 are not repeated here.

Referring now to the WOM array 102-2 of FIG. 2B where
rows are more than columns (3,>k,), the control logic circuit
112 burns two or more sets of diagonal bit cells, e.g., 210,
212, 214, etc., of the WOM array 102-2 to test the row
circuit 104 and the column circuit 106, 1n accordance with
some embodiments. In the illustrated embodiment of FIG.
2B, when j,>k,, the control logic circuit 112 first determines
that the set of diagonal bit cells 210 are diagonal bit cells
along a first diagonal 210' 1n the WOM array 102-2 wherein
the first diagonal extends from a first row (“row 17) to a first
intermediate row (“row k,”) and from a first column (*col-
umn 17) to a last column (*column k,”); then determines that
the set of diagonal bit cells 212 are diagonal bit cells along,
a second diagonal 212' in the WOM array 102-2 wherein the
second diagonal 212' extends from a second intermediate
row (“row k,+17) to a third intermediate row (“row 2k,”)
and again from column 1 to the last column (column k,); and
determines that the set of diagonal bit cells 214 are the bat
cells along a third diagonal 214" 1n the WOM array 102-2
wherein the third diagonal 214' extends from a fourth
intermediate row (“row 2k,+17°) to a last row (“row j,” or
“row 2k,+3” 1n this example) and from column 1 again to an
intermediate column (“column 3” 1n this example).

In some embodiments, the set of diagonal bit cells 210
include: diagonal bit cells 210-1, 210-2, 210-3, and 210-%,;
the set of diagonal bit cells 212 include: diagonal bit cells
212-1, 212-2, and 212-%,; and the set of diagonal bit cells
214 include: diagonal bit cells 214-1, 214-2, and 214-3. Any
desired number of diagonal bits cells can be included i each
of the sets of diagonal bit cells 210, 212, and 214 while
remaining within the scope of the present disclosure. It 1s
noted that the set of diagonal bit cells 210 include a total
number of k, diagonal bit cells, the set of diagonal bit cells
212 also include a total number of k, diagonal bit cells, and
the set of diagonal bit cells 214 include a total number of 3
diagonal bit cells. In some embodiments, such a number of
diagonal bit cells 1n a last set of diagonal bit cells (e.g., 214)
corresponds to a remainder after division of j, by k.,
typically known as (3,% k) or (3, mod k).

More specifically, the diagonal bit cell 210-1 of the set of
diagonal bit cells 210 1s disposed at an intersection of row
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1 and column 1 of the WOM array 102-2 thereby having a
respective address combination as (1, 1), and along the first
diagonal 210", the diagonal bit cells 210-2, 210-3, and 210-£%,
have respective address combinations as (2, 2), (3, 3), and
(k,, k,). The first diagonal bit cell 212-1 of the set of
diagonal bit cells 212 1s disposed at an intersection of row
k,+1, which 1s a next subsequent row to the last row of the
first diagonal 210', and column 1 of the WOM array 102-2
thereby having a respective address combination as (k,+1,
1). And along the second diagonal 212", the diagonal bit cells
212-2 and 212-%, have respective address combinations as
(k,+2, 2) and (2xk,, k,). The first diagonal bit cell 214-1 of
the set of diagonal bit cells 214 1s disposed at an intersection
of row 2xk,+1, which 1s a next subsequent row to the last
row ol the second diagonal 212', and column 1 of the WOM
array 102-2 thereby having a respective address combination
as (2xk,+1, 1). And along the third diagonal 214', the
diagonal bit cells 214-2 and 214-3 have respective address
combinations as (2xk,+2, 2) and (2xk,+3, 3), wherein
2xk.+3 1s equal to 7 i1n the current example. In some
embodiments, a respective address combination of a last
diagonal bit cell of a last set of the diagonal bit cells (e.g.,
214) in the WOM array 102-2 may be expressed as: (mxk,+
(1, mod k), (1, mod k,)), wherein m represents a quotient
after division of j, by k,, and (3, mod k,) represents the
remainder after division of j, by k, as mentioned above. As
such, mxk,+(j, mod k) 1s equal to 1.

Similar to the operation discussed above with respect to
FIG. 2A, after the control logic circuit 112 determines the
respective address combination of each bit cell of the sets of
diagonal bit cells 210, 212, and 214 1n the WOM array 102-2
and provides such an address combination to the row circuit
104 and column circuit 106, the row decoder 104' can cause
corresponding sub row circuit (e.g., 104-1, 104-2, 104-/,,
etc.) and sub column circuit (106-1, 106-2, 106-4,, etc.) to
write to logic state (e.g., a logic 1) to each diagonal bit cell
of the sets of diagonal bit cells 210, 212, and 214. After
writing such a logic 1 to the diagonal bit cells of the sets of
diagonal bit cells 210, 212, and 214, 1n some embodiments,
the control logic circuit 112 may use the output circuit 108
(FIG. 1) to read out the logic states of the diagonal bit cells
of the sets of diagonal bit cells 210, 212, and 214 to
determine whether the logic 1 1s successiully written to each
of the diagonal bit cells of the sets of diagonal bit cells 210,
212, and 214. Therefore, the control logic circuit 112 can
determine that the sub row circuit 104-1 and the sub column
circuit 106-1 function properly, respectively, when each
diagonal bit cell of the sets of diagonal bit cells 210, 212, and
214 1s successiully written with the logic 1 (burned).

Referring now to the WOM array 102-3 of FIG. 2C where
columns are more than rows (k;>1,), the control logic circuit
112 burns two or more sets of diagonal bit cells, e.g., 220,
222, 224, etc., of the WOM array 102-3 to test the row
circuit 104 and the column circuit 106, 1n accordance with
some embodiments. In the 1llustrated embodiment of FIG.
2C, when k,>7,, the control logic circuit 112 first determines
that the set of diagonal bit cells 220 are diagonal bit cells
along a first diagonal 220' in the WOM array 102-3 wherein
the first diagonal extends from a first row (“row 1) to a last
row (“row j;”) and from a first column (“column 1”) to a first
intermediate column (“column j,”); then determines that the
set of diagonal bit cells 222 are diagonal bit cells along a
second diagonal 222' in the WOM array 102-3 wherein the
second diagonal 222' extends again from row 1 to the last
row (row k;) and from a second intermediate column
(“‘column 15+17) to a third intermediate column (“column
215”); and determines that the set of diagonal bit cells 224 are
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bit cells along a third diagonal 224' in the WOM array 102-3
wherein the third diagonal 224" extends from row 1 again to
an intermediate row (“row 3” 1n this example) and from a
fourth mtermediate column (“column 2j;+17) to a last
column (*column k,” or column 27,+3" 1n this example).

In some embodiments, the set of diagonal bit cells 220
include: diagonal bit cells 220-1, 220-2, 220-3, and 220-/,;
the set of diagonal bit cells 222 include: diagonal bit cells
222-1, 222-2, and 222-j,; and the set of diagonal bit cells
224 include: diagonal bit cells 224-1, 224-2, and 224-3. Any
desired number of diagonal bits cells can be included 1n each
of the sets of diagonal bit cells 220, 222, and 224 while
remaining within the scope of the present disclosure. It 1s
noted that the set of diagonal bit cells 210 include a total
number of 15 diagonal bit cells, the set of diagonal bit cells
222 also include a total number of j, diagonal bit cells, and
the set of diagonal bit cells 224 include a total number of 3
diagonal bit cells. In some embodiments, such a number of
diagonal bit cells 1n the last set of diagonal bit cells (e.g.,
224) corresponds to a remainder after division of k5 by i,
typically known as (k,% j5) or (k, mod j,).

More specifically, the diagonal bit cell 220-1 of the set of
diagonal bit cells 220 1s disposed at an intersection of row
1 and column 1 of the WOM array 102-3 thereby having a
respective address combination as (1, 1), and along the first
diagonal 220', the diagonal bit cells 220-2, 220-3, and up to
220-/, have respective address combinations as (2, 2), (3, 3),.
and (., 15)- The first diagonal bit cell 222-1 of the set of
diagonal bit cells 222 1s disposed at an intersection of row
1 and column j,+1, which 1s a next subsequent column to the
last column of the first diagonal 220", of the WOM array
102-3 thereby having a respective address combination as
(1, 35+1). And along the second diagonal 222', the diagonal
bit cells 222-2 and up to 212-j, have respective address
combinations as (2, 1;+2) and (j,, 2%]5). The first diagonal bit
cell 224-1 of the set of diagonal bit cells 224 1s disposed at
an 1ntersection of row 1 and column 2xj,+1, which 1s a next
subsequent column to the last column of the second diagonal
222", of the WOM array 102-3 thereby having a respective
address combination as (1, 2xj;+1). And along the third
diagonal 224', the diagonal bit cells 224-2 and 224-3 have
respective address combinations as (2, 2xj,+2) and (3,
2X]5+3), wherein 2xj);+3 1s equal to k; in the current
example. In some embodiments, a respective address com-
bination of a last diagonal bit cell of a last set of the diagonal
bit cells (e.g., 224) 1 the WOM array 102-3 may be
expressed as: ((k; mod j;), nxj;+(k; mod j;)), wherein n
represents a quotient after division of k; by 15, and (k; mod
;) represents the remainder after division of k, by j, as
mentioned above. As such, nxj;+(k; mod j;) 1s equal to k.

Similar to the operation discussed above with respect to
FIGS. 2A and 2B, after the control logic circuit 112 deter-
mines the respective address combination of each diagonal
bit cell of the sets of diagonal bit cells 220, 222, and 224, for
example, in the WOM array 102-3 and provides such an
address combination to the row circuit 104 and column
circuit 106, the row decoder 104' can cause corresponding
sub row circuit (e.g., 104-1, 104-2, 104-;,, etc.) and sub
column circuit (106-1, 106-2, 106-%,, ctc.) to write a logic
state (e.g., a logic 1) to each diagonal bit cell of the sets of
diagonal bit cells 220, 222, and 224. After writing such a
logic 1 to the diagonal bit cells of the sets of diagonal bit
cells 220, 222, and 224, 1n some embodiments, the control
logic circuit 112 may use the output circuit 108 (FIG. 1) to
read out the logic states of the diagonal bit cells of the sets
of diagonal b1t cells 220, 222, and 224 to determine whether
the logic 1 1s successiully written to each of the diagonal bit
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cells of the sets of diagonal bit cells 220, 222, and 224.
Therefore, the control logic circuit 112 can determine that
the sub row circuit 104-1 and the sub column circuit 106-1
function properly, respectively, when each diagonal bit cell
of the sets of diagonal bit cells 220, 222, and 224 is
successiully written with the logic 1 (burned).

FIG. 3 illustrates an alternative block diagram of part of
the WOM device 100 when the control logic circuit 112
burns at least two sets of diagonal bit cells 300 and 310 of
the WOM array 102 that are along respective diflerent
diagonal directions, 1n accordance with some embodiments.
As shown, the set of diagonal bit cells 300 includes diagonal
bit cells, e.g., 300-1, 300-2, 300-3, 300-4, ctc., arranged
along diagonal 300'; and the set of diagonal bit cells 300
includes diagonal bit cells, e.g., 310-1, 310-2, 310-3, 3104,
etc., arranged along diagonal 310', wherein the diagonals
300" and 310" are opposite to each other according to some
embodiments. Burning the diagonal bit cells along respec-
tive diflerent diagonals may provide various advantages for
testing the row circuit 104 and the column circuit 106. For
example, when the size of the WOM array 102 becomes
larger, the row circuit 104 and/or the column circuit 106 may
be only able to provide a weaker signal to one or more corner
bit cells due to a signal drop present, or even accumulated,
along a respective WL or BL. This may be due to the
physical aspect of the wire, for example. With larger array
a longer wire 1s used to cover all rows and columns. Due to
the longer length of the wire there 1s a voltage or current
drop across the wire. So the furthest cell from the row driver
or column driver may not recerve the same voltage or current
as the cell the 1s closest to the drnivers. Burning the bat
diagonal cells along respective different diagonals may
accordingly solve this 1ssue. For example, given a second

diagonal line the furthest cell on a row or column becomes
the closest cell for that row or column. As illustrated in FIG.
3, the cell 310-1 1s the furthest cell on row 1 but the closest
cell on the same row 1.

FIG. 4A 1illustrates a schematic diagram of the data
selection circuit 110, and FIG. 4B illustrates an exemplary
circuit diagram of the data selection circuit 110, 1n accor-
dance with some embodiments. As mentioned above, the
data selection circuit 110 1s configured to skip outputting the
logic states of the unusable bit cells (i.e., the burned bit cells)
in the WOM array 102 based on the signal 109.

In some embodiments, the data selection circuit 110
includes a plurality of switches, e.g., 110-1, 110-2, 110-3,
110-(k-1), and 110-%. Each of the switches 110-1 to 110-% 1s
coupled to a corresponding BL. For example, in FIG. 4A, the
switch 110-1 1s coupled to BL, (along column 1 of the WOM
array 102); the switch 110-2 1s coupled to BL, (along
column 2 of the WOM array 102); the switch 110-3 1s
coupled to BL; (along column 3 of the WOM array 102); the
switch 110-(k-1) 1s coupled to BL,_, (along column k-1 of
the WOM array 102); and the switch 110-% 1s coupled to BL,
(along column k of the WOM array 102).

More specifically, each of the switches 110-1 to 110-£ has
two ends, wherein a first end 1s constantly coupled to its
corresponding BL as mentioned above, and a second end is
cither selectively coupled to a respective output line (e.g.,
OL,, OL,, OL,, OL,_,, OL,, etc.) or floating (1.¢., the switch
1s turned on/ofl), which causes at least one BL to be open.
In some embodiments, each column’s associated BL 1s used
by the output circuit 108 to read a respective logic state of
a bit cell along that column, and the associated BL 1s further
controlled (e.g., open or coupled to an OL) by turning on or
ofl a respective switch (e.g., 110-1 to 110-%£). As such, the
data selection circuit 110 can use the open BL to selectively
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skip unusable bit cell so as to provide the output signal 111
using the output lines (OL,, OL,, OL,, OL,_,, OL,, etc). In
some embodiments, the respective turning on/ofl behaviors
of the switches (e.g., 110-1 to 110-%) are determined based
on the signal 109 indicative of which of the rows 1n the
WOM array 102 are currently read by the output circuit 108,
and/or the configuration of the WOM array 102, which will
be discussed in further detail below with respect to FIGS.
5A, 5B, and 5C.

In FIG. 4B, an exemplary circuit implementation of the
data selection circuit 110 1s illustrated. As shown, each of the
switches 110-1 to 110-(k-1) includes an 1mverter and plural
logic gates, which will be discussed below, and 1n some
embodiments, a circuit implementation of the switch 110-£
(1.e., the nghtmost switch of the data selection circuit 110)
1s absent for design purposes. Since respective circuit imple-
mentations of the switches 110-1 to 110-(k=1) are substan-
tially similar from one another, only the circuit implemen-
tation of the switch 100-1 1s discussed.

In the illustrated embodiment of FIG. 4B, the switch
110-1 includes an nverter 400, a first AND gate 402, a
second AND gate 404, and an OR gate 406. The inverter 400
1s configured to receive a bit (either a logic 1 or 0),
heremnafter bit 109-1, of the signal 109, and provide a
logically inverted bit to the bit 109-1, hereinatter bit 109-1',
to the second AND gate 404. In some embodiments, the
logic state of the bit 109-1 1s determined based on which of
the rows 1n the WOM array 102 are currently read by the
output circuit 108, and/or the configuration of the WOM
array 102, which will be discussed below. The first AND
gate 402 1s configured to receive a determined logic state of
a bit cell along BL, and the bit 109-1 as respective 1nputs,
and perform an AND logic function on the respective iputs
so as to provide a first AND’ed bit. The second AND gate
404 1s configured to receive the bit 109-1" and a determined
logic state of a bit cell along BL, (1.e., the BL next to the
BL,) as respective mputs, and perform the AND logic
function on the respective mputs so as to provide a second
AND’ed bit. The OR gate 406 1s configured to receive the
first and second AND’ed bits and perform an OR logic
function of the first and second AND’ed bits to provide an
output bit coupled to OL,.

Further, 1n some embodiments, each of the switches 110-1
to 110-%£ may have three diflerent connection states: open
(1.e., not connected to any OL), connected to a correspond-
ing OL (e.g., the switch 110-2 connects the BL, to OL.,), and
connected to an adjacent OL (e.g., the switch 110-2 connects
the BL, to OL,). FIG. 4C illustrates a schematic diagram to
exemplarily implement the switch 110-%, which can have
such three connection states. It 1s noted that each of the other
switches can include a circuit substantially similar to the one
illustrated in FIG. 4C. In the 1llustrated embodiment of FIG.
4C, the switch 110-2 includes a first pass gate, or transmis-
sion gate, 420 and a second pass gate 422, wherein mputs of
the first pass gate 420 and second pass gate 422 are com-
monly coupled to the BL,, and respective outputs of the first
pass gate 420 and second pass gate 422 are respectively
coupled to the OL, and OL,. Further, the first pass gate 420
1s configured to receive an enable signal 421 to determine
whether to “allow” a signal conducted from the BL, to the
OL, (1.e., connecting the BL, to the OL,), and the second
pass gate 422 1s configured to receive an enable signal 423
to determine whether to “allow” a signal conducted from the
BL, to the OL, (1.e., connecting the BL, to the OL,). It 1s
also noted that the first and second pass gates 420 and 422
are configured to provide signals 421' and 423', that are
logically complementary to the enable signals 421 and 423,

10

15

20

25

30

35

40

45

50

55

60

65

12

respectively, to one or more next stage switch, e.g., 110-3. In
some embodiments, the enable signals 421 and 423 may

correspond to the signals 109-2 and 109-1 (FIG. 4B),

respectively. To operate the switch 110-2, when the enable
signals 421 and 423 are respectively the logic 1 and logic O,
the switch 110-2 connects the BL, to OL,; when the enable

signals 421 and 423 are respectively the logic 0 and logic 1,
the switch 110-2 connects the BL, to OL,; and when the
enable signals 421 and 423 are both the logic 0, the switch
110-2 connects the BL, to nothing.

As mentioned above, the data selection circuit 110 uses
the signal 109, indicating which row 1s asserted (read) and
the configuration of the WOM array 102, to skip unusable bit
cell(s). FIGS. SA, 3B, and 5C provide respective schematic
diagrams of part of the WOM device 100 to illustrate how
the unusable bit cells are skipped when different WOM array
configurations are used 1in the WOM device 100. In particu-
lar, FIG. SA illustrates a scenario when the WOM array 102

includes equal numbers of rows and columns (e.g., the
WOM array 102-1 i FIG. 2A); FIG. 5B illustrates a
scenar1o when the WOM array 102 includes more rows than
columns (e.g., the WOM array 102-2 1n FIG. 2B); and FIG.
5C 1llustrates a scenario when the WOM array 102 includes
more columns than rows (e.g., the WOM array 102-3 1n FIG.
2C). It 1s noted that the respective WOM arrays 102-1 to
102-3 shown 1n FIGS. SA-5C are simplified for purposes of
illustration.

Referring first to FIG. SA, the WOM array 102-1 has 5
rows and 5 columns, 1.e., ],=5 and k,=5. Based on the above
discussion with respect to FIG. 2A, the diagonal bit cells
200-1, 200-2, 200-3, 200-4, and 200-5 are burned to test the
row circuit 104 and column circuit 106 (not shown in FIG.
5A), which causes the diagonal bit cells 200-1 to 200-5 to
become unusable while keeping other bit cells usable. In
some embodiments, after the test, each of the usable bits of
the WOM array 102-1 may be written into a respective logic
state, and the output circuit 108 reads out the written logic
states of the bit cells, which may include usable and unus-
able bit cells, and the data selection circuit 110, based on the
signal 109, skips the logic states of the unusable bit cells to
be included 1n the output signal 111.

In some embodiments, based on the configuration of the
WOM array 102-1 (3,=k, ), the control logic circuit 112 may
cause the signal 109 to indicate that a bit cell to be skipped
for reading (1.¢., the unusable bit cell) 1s a bit cell on a row
currently being asserted and also along a column with a
column address equal to a row address of the asserted row.
In an example, when the bit cells along row 1 (1.e., row
address=1) of the WOM array 102-1 are read, the control
logic circuit 112 may provide the signal 109 indicating the
diagonal bit cell 200-1 1s the one to be skipped because the
diagonal bit cell 200-1 1s on row 1 and also along a column
with a column address equal to the row address, 1.e., column
1. More specifically, the signal 109 may include a plurality
of bits (e.g., 109-1 1n FIG. 4B) and each of the plurality of
bits 1s to control a respective switch (e.g., 110-1 1n FIG. 4B)
of the data selection circuit 110. Continuing with the same
example where the bit cells along row 1 are read, the signal
109 may be implemented as a cold coding, which causes
only the bit 109-1 corresponding to the switch 110-1 to be
the logic O while causing all other bits of the signal 109 to
be the logic 1. Accordingly, the switch 110-1 is turned ofl
causing the BL, to be open, and the switches 110-2, 110-3,
110-4, and 110-5 are coupled to OL,, OL,, OL;, and OL_,
respectively. As such, the respective logic states of the bit
cells along row 1 and along columns 2, 3, 4, and 5 can be
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read from BL,, BL,, BL,, and BL: and output through OL,,
OL,, OL,, and OL_, respectively, as the output signal 111.

Referring still to FIG. SA, 1n another example where the
bit cells along row 2 are read, the signal 109 may indicate
that a bit cell on row 2 (1.e., row address=2) and also along
a column with a column address equal to 2 (i.e., column 2)
1s the one to be skipped for reading (i.e., the bat cell 200-2).
As such, in some embodiments, the signal 109 may cause a
bit 109-2 (FIG. 4B) of the signal 109, corresponding to the
switch 110-2, to be the logic O while causing all other bits
of the signal 109 to be the logic 1. Accordingly, the switch
110-2 1s turned off causing the BL, to be open, and the
switches 110-1, 110-3, 110-4, and 110-5 are coupled to OL |,
OL,, OL,, and OL,, respectively. As such, the respective
logic states of the bit cells along row 2 and along columns
1,3, 4, and 5 can be read from BL ,, BL;, BL,, and BL; and
output through OL,, OL,, OL,, and OL_, respectively, as the
output signal 111.

It 1s noted that, 1n accordance with some embodiments of
the present disclosure, after skipping an unusable bit cell
along a row, the data selection circuit 110 may shift logic
states of usable bits along that row, read from respective
BL’s, to be output through lines OL,, OL,, OL,, and OL,.
Alternatively stated, in some embodiments, the data selec-
tion circuit 110 may keep the switch 110-5 turned off and the
output line OL. may not be used.

Referring then to FIG. 5B, the WOM array 102-2 has 5
rows and 3 columns, 1.e., 1,=5 and k,=3. Based on the above
discussion with respect to FIG. 2B, the diagonal bit cells
210-1, 210-2, 210-3, 212-1, and 212-2 are burned to test the
row circuit 104 and column circuit 106 (not shown in FIG.
5B), which causes the diagonal bit cells 210-1, 210-2, 210-3,
212-1, and 212-2 to become unusable while keeping other
bit cells usable. Similarly, after the test, each of the usable
bits of the WOM array 102-2 may be written 1nto a respec-
tive logic state, and the output circuit 108 reads out the
written logic states of the bit cells, which may include usable
and unusable bit cells, and the data selection circuit 110,
based on the signal 109, skips the logic states of the unusable
bit cells to be included 1n the output signal 111.

In some embodiments, based on the configuration of the
WOM array 102-2 (3,>k,), the control logic circuit 112 may
cause the signal 109 to indicate that a bit cell to be skipped
for reading (1.e., the unusable bit cell) 1s a bit cell on a row
currently being asserted and along a column with a column
address that 1s equal to a remainder of division of a row
address of the currently asserted row by k,. In an example,
when the bit cells along row 1 (i.e., row address=1) of the
WOM array 102-2 are read, the bit cell along row 1 to be
skipped 1s the bit cell also along column 1 since the
remainder of 143 1s 1. Similarly, the signal 109 may cause one
of 1ts plural bits, corresponding to the column to be skipped.,
to be the logic 0 while causing all other bits of the signal 109
to be the logic 1 such that to selectively couple BL’s (BL,,
BL,, and BL; m FIG. 5B) to OL’s (OL,, OL,, and OL; 1n
FIG. SB) as mentioned above.

In another example, where the bit cells of the WOM array
102-2 along row 4 (1.e., row address=4) are read, based on
the above description, the signal 109 may indicate that the
bit cell along row 4 to be skipped 1s the bit cell along column
1 (1.e., 212-1) because a remainder of 4/3 1s 1. Yet 1n another
example where the bit cells of the WOM array 102-2 along
row 5 (1.e., row address=5) are read, based on the above
description, the signal 109 may indicate that the bit cell
along row 5 to be skipped 1s the bit cell along column 2 (i.e.,
212-2) because a remainder of 5/3 1s 2. It 1s noted that when
a remainder 1s equal to 0, the signal 109 may indicate the bit

10

15

20

25

30

35

40

45

50

55

60

65

14

cell to be skipped 1s along a column with a column address
that 1s equal to the divisor, 1.e., k,.

Referring then to FIG. 5C, the WOM array 102-3 has 3

rows and 5 columns, 1.e., ;=3 and k;=5. Based on the above
discussion with respect to FIG. 2C, the diagonal bit cells
220-1, 220-2, 220-3, 222-1, and 222-2 are burned to test the
row circuit 104 and column circuit 106 (not shown in FIG.
5C), which causes the diagonal bit cells 220-1, 220-2, 220-3,
222-1, and 222-2 to become unusable while keeping other
bit cells usable. Similarly, after the test, each of the usable
bits of the WOM array 102-3 may be written 1nto a respec-
tive logic state, and the output circuit 108 reads out the
written logic states of the bit cells, which may include usable
and unusable bit cells, and the data selection circuit 110,
based on the signal 109, skips the logic states of the unusable
bit cells to be included 1n the output signal 111.

In some embodiments, based on the configuration of the
WOM array 102-3 (k;>1,), the control logic circuit 112 may
symbolically divide the WOM array 102-3 into plural sub
WOM arrays, e.g., 505 and 510, each of which has equal

numbers of rows and columns and such a number 1s further
equal to j,, for example, 505, except that one sub WOM
array has 1, rows and (k; mod 15) columns, e.g., 510. The sub
WOM array(s) with equal numbers of rows and columns are
herein referred to as major sub array(s) 505; and the sub
WOM array with unequal numbers of rows and columns 1s
herein referred to as a minor sub array 510. Since respective
columns numbers of the major sub array 505 and the minor
sub array 510 are changed, the control logic circuit 112 may
renumber column addresses of the major sub array 505’s and
the minor sub array 510°s respective columns, according to
some embodiments. For example, the minor sub array 510
becomes having two columns (columns 4 and 5 of the WOM
array 102-3), wherein a first column 1s associated with a new
column address “1”” and a second column 1s associated with
a new column address “2.” In some embodiments, the
control logic circuit 112 causes the signal 109 to indicate
cach of the major and minor sub arrays 305 and 510 includes
at least one bit cell to be skipped for reading (1.e., the
unusable bit cell). More specifically, a bit cell 1n the major
sub array 305 will be skipped when such a bit cell 1s
disposed along a column with a new column address equal
to a row address of an asserted row; and a bit cell in the
minor sub array 510 will be skipped when such a bit cell 1s
disposed along a column with a new column address equal
to the row address of the asserted row.

In an example where the bit cells along row 1 (i.e., row
address=1) of the WOM array 102-3 are read, the control
logic circuit 112 may provide the signal 109 indicating that
the diagonal bit cell 220-1 1s the one to be skipped 1n the
major sub array 505 because the diagonal bit cell 220-1 1s on
row 1 and also along a column 1n the major sub array 503
with a column address equal to the row address, 1.e., column
1 of the major sub array 505 (also column 1 of the WOM
array 102-3), and moreover, the diagonal bit cell 222-1 1s the
one to be skipped in the minor sub array 510 because the
diagonal bit cell 222-1 1s on row 1 and also along a column
in the minor sub array 510 with a “new” column address
equal to the row address, 1.e., column 1 of the minor sub
array 510 (original column 4 of the WOM array 102-3).
Similarly, the signal 109 may cause one of 1ts plural bits,
corresponding to the column to be skipped, to be the logic
0 while causing all other bits of the signal 109 to be the logic
1 such that to selectively couple BL’s (BL,, BL,, BL;, BL_,
and BL.: 1n FIG. 5C) to OL’s (OL,, OL,, OL;, OL,, and OL.

in FIG. 3C) as mentioned above.
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FIG. 6 1llustrates a flow chart of an exemplary method 600
to test the row circuit 104 and column circuit 106 of the
WOM device 100, 1n accordance with various embodiments.

In various embodiments, the operations of the method 600
are performed by the respective components illustrated 1 5
FIGS. 1-5C. For purposes of discussion, the following
embodiment of the method 600 will be described 1n con-
junction with FIGS. 1-5C. The illustrated embodiment of the
method 600 1s merely an example. Therefore, i1t should be
understood that any of a variety of operations may be 10
omitted, re-sequenced, and/or added while remaining within
the scope of the present disclosure.

The method 600 starts with operation 602 in which a
write-once memory (WOM) device 1s provided, 1 accor-
dance with some embodiments. In the example discussed 15
above, the WOM device 100 includes the WOM array 102
having a plurality of write-once bit cells, where the plurality
of write-once bit cells are arranged in a column-row con-
figuration. More specifically, the WOM array 102 has a first
number (e.g., 1,, 1., and j;) of rows and a second number 20
(e.g., k,, k,, and k;) of columns, wherein the first number
and second number may be equal to or different from each
other.

The method 600 continues to operation 604 1n which a
configuration of an array of the WOM device 1s determined, 25
in accordance with some embodiments. Continuing with the
same example, when the WOM array 102 1s implemented as
the WOM array 102-1 of FIG. 2A, the configuration of the
WOM array 102-1 may be determined as an array with equal
numbers of rows and columns, 1.e., J,=k,. When the WOM 30
array 102 1s implemented as the WOM array 102-2 of FIG.
2B, the configuration of the WOM array 102-2 may be
determined as an array with more rows than columns, 1.e.,
1,->K,. When the WOM array 102 i1s implemented as the
WOM array 102-3 of FIG. 2C, the configuration of the 35

WOM array 102-3 may be determined as an array with more
columns than row, 1.e., k;>7,.

The method 600 continues to operation 606 1 which
respective locations of diagonal bit cells of one or more sets
of of diagonal bit cells of the array are determined based on 40
the configuration of the array, in accordance with some
embodiments. Continuing with the same example, when the
WOM array 102 1s implemented as the WOM array 102-1 of
FIG. 2A, such locations (e.g., a combination of row and
column addresses) of the diagonal bit cells of the one or 45
more sets of diagonal bit cells (e.g., 200) are determined as
described above. When the WOM array 102 1s implemented
as the WOM array 102-2 of FIG. 2B, such locations of the
diagonal bit cells of the one or more sets of diagonal bit cells
(e.g., 210, 212, 214, etc.) are determined as described above. 50
When the WOM array 102 1s implemented as the WOM
array 102-3 of FIG. 2C, such locations of the diagonal bit
cells of the one or more sets of diagonal bit cells (e.g., 220,
222, 224, etc.) are determined as described above.

The method 600 continues to operation 608 1n which the 55
diagonal bit cells of the one or more sets of diagonal bit cells
are burned so as to test peripheral circuits of the WOM
device, in which 1n accordance with some embodiments.
Continuing with the same example, after the locations of the
diagonal bit cells of the one or more sets of diagonal bit cells 60
are determined, each diagonal bit cell of the one or more sets
of diagonal bit cells 1s burned by being written with the logic
1, for example, to concurrently or respectively test corre-
sponding sub row circuit of the row circuit 014 and sub
column circuit of the column circuit 106. 65

In an embodiment, a memory device includes: a memory
array comprising a plurality of bit cells arranged along a
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plurality of rows and along a plurality of columns, respec-
tively; and a control logic circuit coupled to the memory
array, and configured to determine respective locations of a
first plurality of diagonal bit cells of the memory array for
testing one or more peripheral circuits coupled to the
memory array.

In another embodiment, a memory device includes: a
memory array comprising a plurality of bit cells arranged
along a plurality of rows and along a plurality of columns,
respectively; a plurality of row circuits respectively arranged
along the plurality of rows; a plurality of column circuits
respectively arranged along the plurality of columns; and a
control logic circuit coupled to the memory array, and
configured to determine respective locations of a first plu-
rality of diagonal bit cells of the memory array for testing the
pluralities of the row and column circuits.

Yet 1n another embodiment, a method includes: providing
a write-once memory array comprising a plurality of write-
once bit cells arranged along a plurality of rows and along
a plurality of columns, respectively; determining respective
locations of a first plurality of diagonal write-once bit cells
of the write-once memory array based on respective num-
bers of the pluralities of rows and columns; and burning the
first plurality of diagonal write-once bit cells for testing one
or more peripheral circuits coupled to the write-once
memory array.

The foregoing outlines features of several embodiments
so that those ordinary skilled 1n the art may better understand
the aspects of the present disclosure. Those skilled 1n the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A memory device, comprising:

a memory array comprising a plurality of bit cells
arranged along a plurality of rows and along a plurality
of columns, respectively; and

a control logic circuit coupled to the memory array, and
configured to determine respective locations of a first
plurality of diagonal bit cells of the memory array for
testing one or more peripheral circuits coupled to the
memory array, wherein a number of the plurality of
rows 1s different than a number of the plurality of
columns and the first plurality of diagonal bit cells span
an equal number of rows and columns.

2. The device of claim 1, wherein each of the plurality of
bit cells comprises a write-once memory (WOM) memory
bit cell.

3. The device of claiam 1, wherein the one or more
peripheral circuits comprise a plurality of row circuits each
configured to assert at least one of the plurality of rows, and
a plurality of column circuits each configured to assert at
least one of the plurality of columns.

4. The device of claim 1, wherein 1 response to the
respective locations of the first plurality of diagonal bit cells
being determined, the control logic circuit 1s Turther config-
ured to cause each of the first plurality of diagonal bit cells
to be burned for testing the one or more peripheral circuits.

5. The device of claim 1, wherein the control logic circuit
1s configured to determine the respective locations of the
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first plurality of diagonal bit cells further based on respective
numbers of the plurality of rows and the plurality of col-
umns.

6. The device of claim 5, wherein when the number of the
plurality of rows 1s equal to the number of the plurality of
columns, the respective locations of the first plurality of
diagonal bit cells span from a first row to a last row of the
plurality of rows, and from a first column to a last column
of the plurality of columns.

7. The device of claim 5, wherein when the number of the
plurality of rows 1s larger than the number of the plurality of
columns, the respective locations of the first plurality of
diagonal bit cells span from a first row to a first intermediate
row of the plurality of rows, and from a first column to a last
column of the plurality of columns, wherein the first inter-
mediate row 1s associated with a first row number equal to
the number of the plurality of columns.

8. The device of claim 7, wherein the control logic circuit
1s further configured to determine respective locations of at
least a second plurality of diagonal bit cells of the memory
array for testing the one or more peripheral circuits, and
wherein the second plurality of diagonal bit cells span from
the first row to a second intermediate row of the plurality of
rows, and from the first column to the last column of the
plurality of columns, wherein the second intermediate row 1s
associated with a second row number greater than the
number of the plurality of columns.

9. The device of claim 5, wherein when the number of the
plurality of rows 1s smaller than the number of the plurality
of columns, the respective locations of the first plurality of
diagonal bit cells span from a first row to a last row of the
plurality of rows, and from a first column to a first inter-
mediate column of the plurality of columns, wherein the first
intermediate column 1s associated with a first column num-
ber equal to the number of the plurality of rows.

10. The device of claim 9, wherein the control logic
circuit 1s further configured to determine respective loca-
tions of at least a third plurality of diagonal bit cells of the
memory array for testing the one or more peripheral circuits,
and wherein the third plurality of diagonal bit cells span
from the first row to the last row of the plurality of rows, and
from the first column to second intermediate column of the
plurality of columns, wherein the second 1ntermediate col-
umn 1s associated with a second column number greater than
the number of the plurality of rows.

11. A memory device, comprising:

a memory array comprising a plurality of bit cells
arranged along a plurality of rows and along a plurality
of columns, respectively;

a plurality of row circuits respectively arranged along the
plurality of rows;

a plurality of column circuits respectively arranged along the
plurality of columns; and

a control logic circuit coupled to the memory array, and
configured to determine respective locations of a {first
plurality of diagonal bit cells of the memory array for
testing the pluralities of the row and column circuits,
wherein a number of the plurality of rows 1s diflerent
than a number of the plurality of columns and the first
plurality of diagonal bit cells span an equal number of
rows and columns.

12. The device of claim 11, wherein each of the plurality

ol bit cells comprises a write-once memory (WOM) memory
bit cell.
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13. The device of claim 11, wherein each of the plurality
of row circuits 1s configured to assert at least one of the
plurality of rows, and each of the plurality of column circuits
1s configured to assert at least one of the plurality of
columns.

14. The device of claim 11, wherein in response to the
respective locations of the first plurality of diagonal bit cells
being determined, the control logic circuit 1s further config-
ured to cause each of the first plurality of diagonal bit cells
to be burned for testing the pluralities of the row and column
circuits.
15. The device of claim 11, wherein the control logic
circuit 1s configured to determine the respective locations of
the first plurality of diagonal bit cells further based on
respective numbers of the plurality of rows and the plurality
of columns.
16. The device of claim 15, wherein when the number of
the plurality of rows 1s equal to the number of the plurality
of columns, the respective locations of the first plurality of
diagonal bit cells span from a first row to a last row of the
plurality of rows, and from a first column to a last column
of the plurality of columns.
17. The device of claim 15, wherein when the number of
the plurality of rows 1s larger than the number of the plurality
of columns, the respective locations of the first plurality of
diagonal bit cells span from a first row to a first intermediate
row of the plurality of rows, and from a first column to a last
column of the plurality of columns, wherein the first inter-
mediate row 1s associated with a first row number equal to
the number of the plurality of columns.
18. The device of claim 17, wherein the control logic
circuit 1s further configured to determine respective loca-
tions of at least a second plurality of diagonal bit cells of the
memory array for testing the pluralities of the row and
column circuits, and wherein the second plurality of diago-
nal bit cells span from the first row to a second intermediate
row of the plurality of rows, and from the first column to the
last column of the plurality of columns, wherein the second
intermediate row 1s associated with a second row number
greater than the number of the plurality of columns.
19. The device of claim 15, wherein when the number of
the plurality of rows 1s smaller than the number of the
plurality of columns, the respective locations of the first
plurality of diagonal bit cells span from a first row to a last
row of the plurality of rows, and from a first column to a first
intermediate column of the plurality of columns, wherein the
first intermediate column 1s associated with a first column
number equal to the number of the plurality of rows.
20. A method, comprising:
providing a write-once memory array comprising a plu-
rality of write-once bit cells arranged along a plurality
of rows and along a plurality of columns, respectively;

determining respective locations of a first plurality of
diagonal write-once bit cells of the write-once memory
array based on respective numbers of the pluralities of
rows and columns; and

burning the first plurality of diagonal write-once bit cells

for testing one or more peripheral circuits coupled to
the write-once memory array, wherein a number of the
plurality of rows 1s different than a number of the
plurality of columns and the first plurality of diagonal
write-once bit cells span an equal number of rows and
columns.
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